We have localized an origin of DNA replication at the L terminus of the pseudorabies virus genome. This origin differs in location as well as in general structure from the origins of replication of other herpesviruses that have been identified. The 600 leftmost nucleotides After penetrating the nucleus of the infected cell, the linear genome of pseudorabies virus (PrV) circularizes and the two genomic termini become covalently linked (6, 15). Replication of the circularized genome is initiated at a specific origin of replication near or within the inverted repeat, producing theta-type structures (6, 15). During later phases, herpesvirus DNA replication occurs in association with concatemeric forms in which genomes are in head-totail alignment (4, 5, 14) . These observations suggest a rolling circle mode of replication (2), a conjecture that has been supported recently (24).
After penetrating the nucleus of the infected cell, the linear genome of pseudorabies virus (PrV) circularizes and the two genomic termini become covalently linked (6, 15) . Replication of the circularized genome is initiated at a specific origin of replication near or within the inverted repeat, producing theta-type structures (6, 15) . During later phases, herpesvirus DNA replication occurs in association with concatemeric forms in which genomes are in head-totail alignment (4, 5, 14) . These observations suggest a rolling circle mode of replication (2), a conjecture that has been supported recently (24) .
Two different cis-acting sequences (origins) mediating the replication of the herpes simplex virus (HSV) genome were inferred from an analysis of defective interfering particles.
One origin is present in the S component (oris), and the other is present in the L component (oriL); the two origins have sequence homologies. These sequences have been cloned from the wild-type HSV genome and have been characterized previously (7, 8, 18, 19, 22, 29, 30, 33, 34) .
Two origins of replication have also been identified in PrV, one around the middle of the UL region and the other thought to be within the S component. Both appear to be enriched for defective interfering particles (35) . We had previously concluded on the basis of short pulse-labeling experiments that during the first round of DNA replication, initiation starts within the inverted repeats and proceeds unidirectionally from there (6) . However, using plasmid amplification assays, cis functions capable of acting as an origin of replication have been found in a region near the middle as well as near the L terminus of the PrV genome (35) ; a sequence that functions as an origin could not be detected within the S component. It appears possible, there- fore, that the origin previously thought to be in the S component resides at the L terminus of the genome and that DNA replication proceeds from there unidirectionally through the concatemeric junction on the circularized DNA into the S component.
Our previous studies dealing with the identification of the origin of replication at the L terminus of the PrV genome (L-ori) have demonstrated that (i) origin activity is contained in a 3.1-kb segment of DNA that spans the concatemeric junction, (ii) sequences within that junction fragment that were derived from the right end of the genome (the S terminus) did not have replication activity but sequences derived from the left end (the L component) did, and (iii) sequences from both ends of the genome were required for efficient cleavage/encapsidation. Thus, the left-terminal 1.4 kb of the genome of PrV include signals necessary for both replication and cleavage/encapsidation (35) .
The further analysis of L-ori was deemed interesting because of its position, which differs from that of other origins of replication of herpesviruses. Furthermore, the proximity of the origin of replication to the cleavage/encapsidation site also appeared to be worthy of further attention. In this report, we delimit L-ori of PrV and identify its core and auxiliary sequences.
MATERIALS AND METHODS
Virus strains and cell culture. PrV(Ka) is a strain that has been carried in our laboratory for more than 25 years. The virus was grown in PK or RK cells which were cultivated in purchased from U.S. Biochemical Corp. [ (26) . Se- quencing of the junction fragments was performed as described previously (9, 13, 20 (Fig. 2) . To (9) (Fig. 3) and was inspected for features that may be related to origin function.
An 82-bp perfect inverted repeat, whose two arms are separated by 352 nucleotides, was observed. Because palindromic sequences are a common feature of other origins of replication (for a review, see reference 17) , this observation seemed of interest. Within the unique sequence (UL2) separating the arms of the palindrome, a sequence (TGGCAAG GTGCCAA) that fits the consensus sequence of the NF1 binding site perfectly (16, 27) was observed. Another sequence of interest was one with partial homology to the binding site of HSV UL9, which is a protein required for HSV oris-directed replication (8, 10, 11, 23 The sequence characteristics of the L-ori-containing DNA raised several questions concerning the role in origin function of the following: (i) the length and integrity of the unique sequence separating the two arms of the palindrome; (ii) the integrity of the dyad symmetry; (iii) the UL2 sequence which is flanked by the 82-bp inverted repeat, in particular the sequences with homology to the NF1 binding site; and (iv) sequences within each arm of the palindrome. The experiments described below were designed to answer each of these questions.
Importance of the length and integrity of the unique se- (lane 7). Thus, the distance between the two arms of the palindrome does not appear to affect the ability of the plasmids to be amplified. Indeed, we previously observed that the copy number of a 34-bp direct repeat sequence (Fig.  3) , present in the UL2 of three different PrV isolates, varied (21) . Plasmids carrying the concatemeric junction of these isolates replicate well (see below), indicating that the distance between the arms of the palindrome is not important. Since 34 bp constitute slightly more than three turns of the helix, the cooperation between the arms of the palindrome also does not appear to be necessary for origin function.
Importance of the integrity of the dyad symmetry. To ascertain whether both palindromic arms are essential for origin function, SmaI fragment 4 was cleaved with SstII ( Fig. 4) Since plasmid L did not replicate detectably, the sequences within one arm of the palindrome are clearly not sufficient for origin function, at least not to the extent required to allow its detection in these assays. Thus, the unique sequences that are adjacent to the palindromic arm in plasmid H, but not plasmid L, include cis functions essential for replication. It was interesting, therefore, to note that plasmid H includes both the NF1 binding site homology as well as the sequences with partial homology to the HSV UL9 binding site.
Importance in origin function of the unique sequences flanking the palindromic arm. To ascertain whether the putative NF1/UL9 binding sites may play a role in origin function, two clones, pcF-13 and pcB-13, were constructed (Fig. 4) . Clone pcB-13 contains the 159 bp of the left terminus (one complete arm of the palindrome, as well as 55 bp of the adjacent UL2 sequences including the putative NF1/UL9 binding site homologies) as well as the 17 bp of the right terminus of the genome (up to the SmaI site; Fig. 3 and  4) . Clone pcF-13 is similar to pcB-13 but has a shorter stretch of UL2 sequences; only 22 bp of the UL2 adjacent to the palindromic arm remain. Both pcF-13 (Fig. 6, lanes 2 and 5) and pcB-13 (lanes 3 and 4) are amplified. Thus, one arm of the palindrome, plus the adjacent 22 bp of the UL2 as well as the 17 bp derived from the end of the S component, can function as an origin. Since the 17 nucleotides derived from the S component are not essential for replication (pD11 does not include these sequences but replicates well; Fig. 3) , we conclude that the sequences within one arm of the palindrome and the adjacent 22 nucleotides contain elements that are sufficient for core origin function.
The results in Fig. 6 also show that while pcB-13 (lanes 3 and 4) was amplified as well as was the parent clone pS4H4 (lane 1), pcF-13 (lanes 2 and 5) was amplified less well. Thus, the 55 bp of the UL2 (that include the putative NF1/UL9 binding sites) that are present in pcB-13 but not in pcF-13 augment the ability of the plasmids to be amplified. Scans of appropriately exposed radioautograms indicated that pcB-13 was amplified between two and three times better than was pcF-13.
Analysis of sequences necessary for origin function with use of plasmids that include a cleavage/encapsidation site. Because of the relatively low level of replication activity of plasmids with only minimal origin activity, the assays described above, in general, resulted in low-intensity signals.
To enhance the amplification of plasmids carrying only minimal origin sequences, plasmids which also include cleavage/encapsidation signals were constructed. In these plasmids, packaging and consequent amplification by recycling of initially replicated plasmids can take place. A major disadvantage of these plasmids is that one cannot, in principle, distinguish between the role of a sequence in cleavage/ encapsidation (and the resulting secondary amplification of the DNA in the defective particles produced) from its effect on origin function. The cis functions required for origin activity at the L terminus may overlap those required for cleavage/encapsidation. Despite this shortcoming, however, the facts that (i) the presence on the plasmids of a cleavage/ encapsidation site might increase the sensitivity of the assay and (ii) the results obtained with these plasmids could confirm those that have been obtained with plasmids that did not include cleavage/encapsidation signals, thereby increasing the degree of confidence with which we can delimit the sequences required for origin function, were sufficient rationales for constructing these plasmids.
Signals required for efficient cleavage/encapsidation are present at both ends of the mature genome of PrV (35) (35) . pRR9 is amplified well (Fig. 8, lane 2) Fig. 2 . Lanes: 1, pJ31; 2, pRR9; 3, pS4H4 (H fragment).
A comparison of the degree of amplification of pRR9 (which include the sequences of plasmid H as well as the sequences from the S component necessary for cleavage/encapsidation) with the degree of amplification of 0lasmid H (pS4H4) allowed us to estimate the contribution made by the presence of the sequences derived from the S component to the ability of a plasmid to be amplified (Fig. 8) . While both pRR9 and pS4H4 are amplified, pRR9 (lanes 2) is amplified approximately 5 to 10 times better than is pS4H4 (lanes 3). Similarly, pJ31 (which includes the terminal sequences from both the S and L termini) was found to be amplified approximately three to five times better than was pD1l (which includes only sequences from the L terminus; Fig. 3 ). The increased amplification of pRR9 and pJ31 over pS4H4 and pDll can be attributed, at least in part, to the presence of the complete cleavage/encapsidation signal. However, we cannot eliminate the possibility that some sequences within the S component, although incapable of autonomous origin function (Fig. 2) , might augment the ability of the core origin to function. Whatever the case may be, it is clear that we can expect the presence of the terminal 661 bp of the S component to increase amplification of the test plasmids by about 3-to 10-fold.
A series of clones similar to the ones used in the experiments described above, but which include the leftmost 661 bp of the S component, was constructed (Fig. 7) . pcB3 and pcF6 are both subclones of pRR9 that include the same sequences of the UL2 as do pcB-13 and pcF-13 (see above), respectively. Figure 9 shows that pcB3 and pcF6 were both amplified but that pcF6 was not amplified quite as well as was pcB3. Quantitation by densitometric scanning of appropriately exposed autoradiograms of six different experiments (Table 1) showed that the intensity of the signal obtained with pcF6 was, on the average, approximately two to three times lower than that obtained with pcB3, a result that is similar to that obtained with pcB13 and pcF13 (Fig. 6) . Thus, plasmids with only the 104 terminal bp of the L component, i.e., which did not include the NF1/UL9 binding site homology, retained considerable origin function. However, the 55 adjacent nucleotides (that include the putative NF1/UL9 binding homologies) increased the ability of the plasmid to replicate by approximately two-to threefold.
The results described above (Fig. 5) showed that plasmid L did not give a detectable amplification signal. To corroborate this finding in a more sensitive system, a plasmid containing the L fragment adjacent to the terminal 661 bp of the S component, i.e., a plasmid with an intact cleavage/ encapsidation signal, was constructed.
Plasmid pll is the equivalent of plasmid pJ31; while pJ31 contains the BamHI concatemeric junction fragment of PrV(Ka), pll contains a similar junction obtained from another virus isolate, PrV(USA)7. Plasmid p4 also contains a concatemeric junction fragment derived from PrV(USA)7, but sequence analysis (21) revealed that in this plasmid the UL2 is in an inverted orientation relative to the S component (Fig. 7) . We assume that the inversion of the UL2 in p4 may have occurred during cloning because we have not detected UL2 inversion in the viral genome (9) . pJ4 and pJll were constructed from p4 and pll (Fig. 7) . Both of these plasmids include the sequences derived from the S component of the genome and from the adjacent arm of the palindrome. The difference between pJ4 and pJll is that pJll contains the same sequences of the UL2 as does plasmid H, while clone pJ4 contains the UL2 sequences in plasmid L.
The ability of these plasmids to replicate was ascertained (Fig. 10) . No significant difference in the amplification of pll and p4 was observed. However, while pJll replicated well, pJ4 did not replicate detectably. The complete lack of detectable amplification of pJ4 can be ascribed to the absence of the UL2 sequences that are present in pJll but not in pJ4. This finding corroborates the results described above which show that the UL2 sequences that are present in plasmid H are essential to origin function.
Role of the sequences within the 82-bp palindromic arm in origin function. The results described above showed that both arms of the palindrome are not required for minimum origin function; one arm of the palindrome and some sequences within the UL2 present in the H fragment are sufficient. The experiments described in this section were designed to ascertain whether minimal origin function might be located entirely within these UL2 sequences or whether sequences within the arm of the palindrome were also required. pBR325; 2, pJ31; 3, pll; 4, p175-3; 5, pJ31; 6, p175/3.
A plasmid was available that had been serendipitously isolated and that was similar to clones pll and pJ31 (i.e., contained the BamHI concatemeric junction) but that had suffered during cloning a deletion of 68 bp spanning the junction between the S and L components. In this plasmid (p175/3), 64 bp of the L-terminal sequences, i.e., of the arm of the palindrome adjacent to the S component, as well as the first 4 bp of the S component have been deleted (Fig. 7) . The deletion in this plasmid (p175/3) was identified by sequence analysis (21) .
The ability of p175/3 to replicate in cells coinfected with PrV was ascertained (Fig. 11) In addition to the two essential elements, several auxiliary elements also affect origin function. Thus, although both palindromic arms are not essential for replication, in the presence of the complete palindrome as well as the complete intervening sequence, replication appeared to be enhanced approximately two-to threefold. For example, pS4H4 and pRR9 (which include only one arm of the palindrome and part of the UL2 sequences) replicated less well than did p529 and pJ31 (which include both arms of the palindrome and the entire intervening UL2 sequence), respectively. Furthermore, while the sequences in the UL2 between bp 104 and 327 were not essential for plasmid amplification, they nevertheless enhanced it. While the sequences between bp 159 and 327 did not appear to affect replication, an approximately threefold reduction in replication capacity was found when bp 105 to 159 (which include the NF1/UL9 binding site homologies) were truncated (Table 1) . Thus, while neither of these potential binding sites is essential for origin function, they (or other sequences within bp 105 to 159) nevertheless augment the replication of the core origin.
Plasmids that included sequences derived from both the S and L termini were amplified considerably better than were those that included only sequences from the L terminus. It is probable that this is because the juxtaposition of sequences from both termini gives rise to a functional cleavage/encapsidation site (35) . The possible overlap of sequences at the end of the L component involved in origin activity and those involved in cleavage/encapsidation is a problem that has been only partially resolved. The addition of the sequences derived from the S terminus to the core L-ori sequences will give rise to a functional cleavage/encapsidation site which will promote encapsidation of the amplified plasmids, thereby increasing the signals. However, the sequences necessary for cleavage/encapsidation, which are present near the end of the S component of the genome, may also include auxiliary origin functions. This problem could, in principle, be overcome by transfecting the cells with the origin-carrying plasmids and subsequently infecting the cells at high multiplicity with PrV. Unfortunately, despite concerted efforts, we were unable to obtain significant amplification of the plasmids under these experimental conditions.
Some similarities between PrV L-ori and the origins of other viruses have been identified. For example, the core origin of simian virus 40 contains a run of A's and T's adjacent to a G+C-rich region at which the initial strand separation during the initiation of replication presumably occurs. Domain A of the adenovirus core origin contains a similar A+T-rich region which is well conserved among otherwise divergent serotypes (reviewed by Kelly et al. [17] ). PrV L-ori also contains a stretch of A's followed by a G+C-rich region; a similar sequence is also present in HSV ori (1, 7, 8, 9, 18, 19, 25, 33) .
Two sequences with homology to sequences that are protein binding sites and essential to origin function of HSV and adenovirus are also found within L-ori of PrV; a sequence with a 100% homology to the consensus sequence of the NF1 binding site and a sequence with 77% homology to the UL9 binding site are found. NF1 is a cellular factor which has been shown to be essential in adenovirus DNA replication (28) . The UL9 binding site is found within orL and oris of HSV (8, 10, 11, 36) and is essential for replication. It is also found within oris of varicella-zoster virus (31) and equine herpesvirus 1 (1) . Neither of these binding sites is essential for PrV L-ori function.
